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Abstract 
Metal pollution has depleted the water resource and threatened human health. 
To have a sustainable development, a simple, inexpensive and effective wastewater 
treatment on metal ions is needed. Water hyacinth is well-documented as a good 
accumulator of metal ions and is widely used in plant-based wastewater treatment 
system. To increase the efficiency of the plant-based system, the inoculation of 
rhizospheric bacteria to enhance the metal ion removal efficiency of water hyacinth 
was proposed. 
Cu2+ -, Ni2+ - or Zn2+ -resistant bacteria (25 mg L-1 metal ion) were isolated from 
the roots of water hyacinth and the metal ion removal capacities (RCs) were 
determined. The metal ion RCs of the isolated bacteria were not high. A Cu2+-
resistant bacterium had the highest Cu2+ RC (10.59 mg g-l). The effect of 
inoculating the Cu2+ -resistant bacterium on the Cu2+ RC of the roots of water hyacinth 
was studied. Bacterial strain CU-1 (dominated in 25 mg L-1 Cu2+ medium), Strain 
W -2-2 (dominated in 100 mg L-1 Cu2+ medium) and Strain FC-2-2 (had the highest 
Cu2+ RC) were inoculated into the rhizosphere. 
Strain CU-1 colonized the plant roots with or without treatment by an 
antibiotic, oxytetracycline (OTC). The inoculation of Strain CU-1 increased the 
Cu2+ RC by 1.91 and 1.56 folds respectively when compared with control. However, 
the toxic effect of OTC to the plant was observed at 500 mg L-1• Using antibiotic to 
sterilize plant roots was therefore not recommended. 
The inoculum cell density of Strain W -2-2 was adjusted to achieve a higher 
colonizing efficiency. The optimum cell density in inoculum for Strain W -2-2 was 
104 cells mL-1• Nevertheless, the inoculation of Strain W -2-2 had no effect on the 
Cu2+ RC of the root. 
Strain FC-2-2 was precolonized on the plant roots before being transferred to 
metal ion solution. It could attain a higher colonizing efficiency but the colonized 
roots showed a lower metal ion RC than those that with direct inoculation of Strain 
FC-2-2 into metal ion solution for colonization. However, the inoculation of Strain 
FC-2-2 also had no effect on the Cu2+ RC of the root. 
The obvious effect of bacteria on the metal ion accumulation by plant roots 
could not be observed, but it could be concluded that Cu2+ -absorbing bacteria selected 
in the present study could colonize onto plant rhizosphere but failed to increase the 
metal ion RC of the plant roots. Further evidence is required to assess the role of 







銅離子，鎳離子及錚離子抗性細菌(金屬離子濃度 25 mg L勻，從風信子
根部可分離出並測定其金屬離子去除能力 o 但分離株對金屬離子的去除能力並
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離株 CU-1 分離於 25 mg L-1 Cu2+之培養液、分離株 W-2-2 分離於 100 mg L-1 Cu2+ 




和1.56 倍 O 然而，土霉素在 500 mg L-1 之濃度下，影響風信子之生長 O 因此，
用抗生素來消毒植物根不被看好 o
將分離株 W-2-2 的接菌量提高至 104 L- 1 可以獲得更高的建群效率。然而，
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1. Literature Review 
1.1 Introduction 
Contamination of the aquatic environment by toxic metal ions is a serious 
problem (Rudd, 1987; Blackmore, 1998; Ansari et al., 1999; Moiseenko, 1999; 
Schintu and Degetto, 1999; Glass, 2000; Khamar et al., 2000). Unlike organic 
pollutants, toxic metal ions cannot be degraded by chemical or biological processes. 
To remediate the aquatic environment, the toxic metal ions should be concentrated in 
a form that can be extracted conveniently, possible for reuse or at least for proper 
disposal. To achieve cost effectiveness, toxic metal ions should be concentrated by 
a small mass. Conventional treatment methods, such as chemical precipitation, 
chemical oxidation or reduction, ion exchange, filtration, membrane technologies or 
evaporation process, are generally not effective and expensive (Hamby, 1996; Glass, 
2000). Biological methods such as using microbial biomass to remove metal ions 
are well documented (Berveridge and Koval, 1981; de Rome and Gadd, 1987; Wong 
and Choi, 1988; Mullen et al., 1989; Gadd, 1990; Harris and Ramelow, 1990; de 
Rome and Gadd, 1991; Shuttleworth and Unz, 1993; Mago and Srivastava, 1994; 
Churchill et al., 1995; Gadd, 1998). However, they have the disadvantages that the 
performance of the microbe-based system is very sensitive to external physical and 
chemical environment, and high operation cost is incurred in cell culture and 
separation from effluent, cell immobilization and technical support (Gadd, 1990). 
Phytoremediation provides a viable alternative for metal ion removal with the merits 
of hyperaccumulating metal ions at low energy and low cost. 
In the rhizosphere of a plant, bacteria interact with the roots and fonTI 
mucigel on the root surface that is composed of plant mucilage and bacterial cells 
(Bazin et al., 1990; Parke, 1991; Anderson et al., 1993; Bolton et al., 1993; 
O'Connell et al., 1996; Westover et al., 1997). The interaction creates rhizospheric 
effect which is the result of colonization of bacteria (Elliott et al., 1984; Bazin et al., 
1990; Bolton et al., 1993; Wang and Zheng, 1994). The role of rhizospheric 
bacteria in metal ion accumulation and tolerance of plants is not well known. 
Utilization of the natural colonizing ability of bacteria may increase the metal ion 
removal efficiency of plant using root surface for adhesion of metal ion-removing 
bacteria. The principle is similar to the biotechnology of immobilized cells on solid 
surface for metal ion removal (Subramanian et al., 1994; Chang and Huang, 1998). 
The present study attempts to combine these two technologies on a complex living 
system. 
1.2 Overview of metal ions pollution 
Heavy metals are generally defined as a group of approximately 65 metallic 
elements with density greater than 5 g cm-3 (Gadd, 1992). Heavy metals are 
generally accepted to include cadmium, chromium, copper, mercury, nickel, lead and 
zinc, plus the metalloids arsenic and selenium, which have long been contaminants 
in sewage (Stephenson, 1987). These heavy metals are with diverse physical, 
chemical and biological properties and general ability to exert toxic effects on 
microbial and other life forms (Tyler et al., 1989; Khan and Huang, 1999). 
The ultimate cause for concern about heavy metals in the environment is their 
toxicity towards man (Wada et al., 1984; Chan et al., 1995). Owing to their non-
degradable nature, environment has no natural assimilative capacity for heavy metals. 
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In addition to the accumulation of heavy metals along food chains, elevated heavy 
metal level in the environment poses serious threat to human health (N ewman and 
McIntosh, 1991). Although some heavy metals such as chromium, copper, nickel 
and zinc are essential to life forms, they are required only in trace amounts and 
become toxic when exceeding the threshold bioavailable level (Gadd, 1992). Metal 
ions toxicity may be manifested in either acute, single high exposure or chronic, 
long-term exposure to low concentration (Rudd, 1987). Metal ions exert toxicity in 
man and animals to different degrees by deactivation of enzymes, replacement of 
essential elements like calcium and magnesium, or destabilization of biomolecule 
such as nucleic acids which results in genotoxic or mutagenic effects producing 
heritable genetic disorders and cancers (Rudd, 1987). 
Owing to rapid industrialization without environmental controls, the 
contamination of our environment by metal ions is serious (Benin et al., 1999). The 
U.S. Environmental Protection Agency (EPA) estimates that there are 30,000 
candidate sites for hazardous waste treatment services in the United States alone, 
including industrial sites which contain liquid and solid wastes contaminated with 
metals ions (Ensley, 2000). Current clean-up costs for all Superfund (National 
Priority) sites are estimated to be US$ 16.5 billion (Black, 1995; Boyajian and 
Carreira, 1997; Ensley, 2000). Approximately, 15% of these sites are contaminated 
by metal ions only, whereas 64% of the sites contain metal ions mixed with organic 
wastes (Salt et al., 1995; Ensley, 2000). Metal ions enter the water environment by 
various sources that are divided into two main categories, anthropogenic and non-
anthropogenic (Rudd, 1987). Natural geological processes release metal ions into 
environment by weathering, erosion and runoff from lithosphere. In the United 
States, it has been estimated that US$ 1 million is spent per day to clean up 12,000 
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miles (31080 km) of rivers and 180,000 acres (728.44 km2) of lakes that are 
contaminated by mining wastes in which metal ions are the major pollutant, and the 
total clean up costs of acid mine drainage have been estimated to be as much as 
US$70 billion (Glass, 2000). The major source of metal ions comes from human 
activities, which include mining, agricultural activities, and industrial processes such 
as electroplating, oil refining, paper and textiles (Chiu et al., 1987). For the major 
metal ions-bearing industrial waste stream, treatment of metal ions in the United 
States market is likely in the range US$ 1-2 billion per year (Lantz, 1992; Glass, 
2000). To maintain a sustainable use of our water resource, a cost efficient 
technique should be developed to achieve a high effluent standard. 
1.3 Treatment of metal ions in wastewater 
1.3.1 Conventional methods 
A variety of methods are available to remediate metal ions from water, which 
include ion exchange, electrochemical reduction, adsorption, membrane filtration, 
chemical precipitation and reverse osmosis (Christensen and Delwiche, 1982; 
Cheremisinoff, 1995; Salt et al., 1995; Hamby, 1996; Glass, 2000). The most 
common method for the clean-up of metal ions-contaminated water is chemical 
treatment, by which metal ions are precipitated from solution using basic reagents, 
such as hydroxides ( e.g. lime), to form sludge which is then disposed of as a 
hazardous waste or in some cases reused or recycled. Chemical treatment remains 
the favored approach because it is reliable, efficient and reasonably inexpensive 
(US$ 0.18-0.26 per 1000 L) (Glass, 2000). However, the sludge thus created is 
difficult and costly to handle or disposed of. For some metal ions with special 
characteristics, large amounts of flocculating agents are required, resulting in the 
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formation of excessive metal sludge which required a high disposal cost (Christensen 
and Delwiche, 1982). For instance, to remove a pound (0.45 kg) of copper from 
1000 mg L-1 copper ion solution, it costs US$ 76.99 per1000 L of copper ion 
containing wastewater (Ensley, 2000). Over 80% of that cost are for disposal of the 
hazardous sludge. Moreover, this technology may be very costly if large volume, 
low metal concentration, and high clean up standard are involved. 
1.3.2 Microbial methods 
Bacteria, algae and fungi can remove metal ions from external environment 
by means of metabolism-dependent and metabolism-independent process to take up 
and accumulate at cell surface and intracellulary (Gadd, 1990). Microbial cells 
can accumulate metal ions in metabolism-dependent ways by precipitation, redox 
reaction and ion transport system, and metabolism-independent ways by biosorption 
(Gadd, 1990; Volesky and Rolan, 1995). From the view of toxicology, 
microorganisms accumulate the metal ions on the cell surface and intracellular by 
metabolic activities, like formation of metal sulfide by sulfate reducing bacteria 
(Aiking et al., 1982), oxidation of iron (11) to iron (Ill) by iron oxidizing bacteria 
(Viswanathan and Boettcher, 1991), and transportation of metal ions into cytoplasm 
by ion pump and detoxified by complexing with siderophores or metallothionein in 
cytoplasm (Ohtake et al., 1987; Gadd, 1988). Biosorption involves non-active 
uptake of metal ions by microbial biomass and includes physical adsorption, ion-
exchange, complexation, precipitation, crystallization and diffusion (Gadd, 1988; 
Mullen et al., 1989). Metallic cations are attracted to negatively charged sites at the 
surface of the cells. The anion ligands which participate in metal binding include 
phosphoryl, carboxyl, sulfuydryl and hydroxyl groups of membrane proteins 
(Volesky, 1990). 
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The ability of metal ion removal has been utilized in metal ion recovery or 
metal ion laden wastewater remediation. It involves living or dead cells in batch 
system or immobilized cell system. The biosorption processes are more effective in 
metal ion removal than conventional methods when the metal ion concentration in 
wastewater is low (below 100 mg L-l) and the effluent must contain less than 1 mg L-
1 metal ions (Shumate 11 et al., 1978). However, the microbe-based technology has 
number of disadvantages such as small particle size, low mechanical strength and 
low density, which make biomass-effluent separation difficult. The problem can be 
mediated by using immobilized cells. The cost involves in immobilization is high 
because a well-adjusted chemical and physical environment is important to maintain 
the adhesion of cells and metal ion removal capacity of microbial cells. Additional 
to the cost of cell culture, the system should attain more than 99% metal ion removal 
efficiency with loading capacity larger than 150 mg metal ions g-l for a competitive 
niche (Gadd, 1990). 
As some metal ions are highly toxic in nature, they must be "polished" after 
conventional treatment to meet the discharge standards (Jamil, 1998). So there is 
growing interest in developing a reliable and inexpensive technology that can reduce 
toxic concentration of metal ions to environmentally acceptable levels or to recover 
natural metal resources (Covely and Coates, 1997; Jamil et al., 1998; Trivedy, 1998; 
Qian et al., 1999). 
1.4 Phytoremediation 
Phytoremediation is defined as the use of green plants to remove pollutants 
such as metal ions from the environment (Moffat, 1995; Salt et al., 1995; 
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Cunningham and Ow, 1996; Boyajian and Carreira, 1997; Wantanabe, 1997; 
Harrigan, 1999). This plant-based remediation technology mainly depends on the 
metal ion hyperaccumulating properties of certain plants (Salt et al., 1998; Ensley, 
2000; Salt and Kramer, 2000). The term "hyperaccumulator" is used to describe a 
plant with a highly abnormal level of metal ion accumulation (Reeves and Baker, 
2000). Baker and Brooks (1989) have defined hyperaccumulators as plants that 
contain more than 1,000 J.!g g-l (0.1 %) of Co2+, Cu2+, Cr6+, Pb2+, or Ni2+ or 10,000 J.!g 
g-l (1 %) of Mn2+ or Zn2+ in the dry matter (Watanabe, 1997). Studies on the search 
of hyperaccumulator species by collecting plants in metal ion-contaminated areas 
have been initiated. Reeves and Baker (2000) provided a detail review on this 
aspect. 
The goal of current phytoremediation efforts is to develop innovative, 
economical and environmentally compatible approaches to remove metal ions from 
the environment. Many studies have pointed out the feasibility and importance of 
phytoremediation (Raskin et al., 1994; Black, 1995; Salt et al., 1995; Boyajian and 
Carreira et al., 1997; Watanabe, 1997; Dini, 1998; Harrigan, 1999). The most 
important features of phytoremediation include lower costs for treatment and the 
generation of a potentially recyclable metal ion-rich plant residue (Ensley, 2000). 
Its cost, which includes the entail capital and operating costs, is far lower than those 
of many competing technologies (Table 1.1). Phytoremediation also offers a cost 
advantage in wastewater treatment because plants can remove up to 60% of their dry 
weight as metal ions, thus markedly reducing the disposal cost of the hazardous 
residue (Ensley, 2000). Especially, one can use a good metal ion accumulator with 
high accumulation rate and amount, fast growth, and high biomass production. 
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Table 1.1 Available technologies for remediation of metal 
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Phytoremediation 












Table 1.2 Advantages and disadvantages ofphytoremediation (Glass, 2000). 
Advantages Disadvantages 
Cost Time 
Low capital and operating costs 
Metal ion recycling provides further 
economic advantages 
Performance 
Permanent treatment solution 
In situ application avoids excavation 
Capable of mineralizing organics 
Applicable to a variety of contaminants, 
including some recalcitrants 
Trees are capable of high hydraulic 
pumpIng pressures 
Others 
Public acceptance; aesthetically pleasing 
Compatible with risk-based remediation, 
brownfields 
Can be used during site investigation or 
after closure 
Slower than some alternatives; seasonally 
dependent 
Many natural metal ion hyper-
accumulators are slow growers 
Performance 
Biological methods are not capable of 
100% reduction 
May not be applicable to all mixed wastes 
High metal ion concentrations or other 
contaminants may be toxic 
Phytoremediation applicable only to 
surface soils 
Space 
Application to treat groundwater or 
wastewater may require large 
available surface area 
Others 
Need to displace existing facilities 
(e.g. wastewater treatment) 
Regulators may be unfamiliar with the 
technology and its capabilities 
Lack of recognized economic 
performance data 
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limitation is that it needs a long time and large place. The time to remediate a site 
should be long and depends on the life cycle of plants and its growth seasons. It 
also needs large surface areas for the treatment unit that depends on the uptake rate 
of the plants (Black, 1995; Salt et al., 1995; Glass, 2000). To overcome these 
disadvantages, one can select or breed improved plant varieties using classical 
genetics or advanced molecular biological tools, and combine with microbial 
biotechnology such as colonizing of metal ion removing bacteria on the root surface 
(Ow, 1996). 
Using phytoremediation to remove metal ions from the environment are 
classified into three types, phytoextraction, phytostablization and rhizofiltration 
(Table 1.3) (Salt et al., 1995; Ensley, 2000). 
1.4.1 Rhizofiltration 
Rhizofiltration is the technology using plants to remove metal ions from the 
water and is divided into two categories. One is the use of plant roots to absorb, 
concentrate, and precipitate metal ions from water (Salt et al., 1995). It is more 
specifically defined as the use of hydroponically cultivated roots of terrestrial plants 
in absorbing, concentrating or precipitating toxic metal ions from polluted effluents 
(Dushenkov et al., 1995, Brooks and Robinson, 1998). Terrestrial plants are used 
instead of aquatic plants because the terrestrial plants develop much longer fibrous 
root systems covered with root hairs that have large surface areas. Example of 
rhizofiltration included using Indian mustard (Brassica juncea) and sunflower 
(Helianthus annuus) to concentrate Cd2+, Cr6+, Cu2+, Ni2+, Pb2+ and Zn2+ in root 
systems and to translocate only a small part of the metal ion absorbed to the shoots 
(Dushenkov et al., 1995; Salt et al., 1995). 
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systems and to translocate only a small part of the metal ion absorbed to the shoots 
(Dushenkov et aI., 1995; Salt et al., 1995). 
Table 1.3 
2000) 




Description App licabili ty 
Use plant to transport metals Potential for transport of metals to 
from soil and concentrate 
into the roots and 
above ground shoots that 
can be harvested. 
surface. Plant residue can be 
isolated as hazardous waste or 
recycle as metal ore. 
Phytostablization Use plants to limit the Stabilizing the metals present in 
Rhizofiltration 
mobility and the soil and the soil matrix to 
bioavailability of metals in minimize erosion and 
soils by sorption, migration of sediment. 
precipitation, It is containment rather than a 
complexation or the removal. 
reduction of metal It can be used in the sites at which 
valences. removal metals do not seems 
to be economically feasible. 
Use roots to absorb, 
concentrate, and 
precipi tate metals from 
wastewater. 
Use wetlands or reed beds for 
the treatment of 
contaminated wastewater. 
Applicable for the treatment of 
water only and is cost-
effective for the treatment of 
large volumes of wastewater 
that have low concentrations 
of metals. 
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Another type of rhizofiltration, which is more fully developed, involves using 
aquatic plant or/and wetland plant for the treatment of wastewater. The 
classification of the major plant groups used in wetland for wastewater treatment was 
listed by Kadlec and Knight (1996). The aquatic macrophytes commonly known 
for removal of heavy metals and organic pollutants included Eichhornia crassipes 
(water hyacinth), Pistia stratiotes (water lettuce), Elodea nuttallii, Typha lattifolia 
(cattail), Myriophullum, Heterophyllum (water milfoil), Juncus roemerian (marsh 
rush), Lemna species (duckweed) and Azolla species (fern) (Chandra et al., 1997; 
Lee et al., 1998). 
1.4.2 Mechanisms of metal ion removal by plant roots 
In general, possible mechanisms of toxic metal ion removal by plant roots 
include extracellular precipitation, cell wall precipitation and adsorption, 
intracellular uptake followed by cytoplasm compartmentalization or vacuolar 
deposition (Fig. 1.1) (Dushenkov and Kapulnik, 2000). The metal ion uptake and 
detoxification mechanism is varied with different plants. 
Most metal ions enter plant cells by an energy-dependent, saturable process 
through specific or generic metal ion carriers or channels (Salt et al., 1995). Toxic 
metal ions may employ the same mechanisms that are responsible for the uptake of 
essential ions. Membrane transport systems such as aqueous pores, ion efflux 
pumps, ion selective channels and proton-anion contraports may fail to discriminate 
among different metal ions that have similar ionic radii and the same ionic charge 
(Salt et al., 1995; Dushenkov and Kapulnik, 2000). 
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Metabolic cations from external solution can accumulate in a non-metabolic 
step (Dushenkov and Kapulnik, 2000). Entry and association of metal ions with 
plant cells may occur by a number of physical processes, including diffusion, ion 
exchange, mass flow and adsorption. The cation exchange properties are located 
within the "free space" of the roots that ions can penetrate without passage a living 
membrane. The exchangeable cations electrostatically bound to negatively charged 
points, probably the free carboxyl groups of pectic cell wall matrix substances 
(Pitman, 1965; Lauchli, 1976, Haynes, 1980). Precipitation and exchangeable 
sorption remove metal ions by forming insoluble compounds in the free space 
(Dushenkov and Kapulnik, 2000). 
Phytochelatins play an important role in the accumulation and detoxification 
of excess metal ions such as Cd2+ in plant cells (Ding et al., 1994a; 1994b; 
Cunningham and Ow, 1996; Enany and Mazen, 1996; Cobbett and Goldsbrough, 
2000; Dushenkov and Kapulnik, 2000; Khan et al., 2000). This mechanism has 
further assisted phytofiltration technology, as it would increase the specificity of 
metal ions to binding domains in the plant roots. Some species of plants also have 
multiple binding capacity of metal ions due to the induced formation of 
phytochelatin by different metal ions such as Cu2+, Zn2+, Pb2+ and Cd2+ (Dushenkov 
and Kapulnik, 2000). 
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Plate 1.1 Mechanisms of metal ion removal from the solution by plant root 
(Dushenkov and Kapulnik, 2000). 
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1.5 Using water hyacinth for wastewater treatment 
1.5.1 Biology of water hyacinth 
Water hyacinth is a free-floating aquatic plant, which has spread throughout 
the world by man. It is a successful invader of freshwater and eutrophic 
environments with the property of rapid vegetative growth and multiplication, wide 
ecological amplitude and great phenotypic plasticity (Gopal, 1987). The dramatic 
growth of water hyacinth has deteriorated the utilization of water resources (Gopal, 
1987; Gutierrez et al., 1996; Trivedy, 1998). It has been regarded as a nuisance 
weed that ranking first among the aquatic plants (Gopal, 1987). But nowadays, 
people have turned the nuisance to merit, and used water hyacinth to combat water 
pollution as it has the ability to remove nutrients and inorganic pollutants from 
wastewater (Trivedy, 1998). 
1.5.1.1 Scientific classification 
Water hyacinth belongs to the family Pontederiaceae. The scientific name 
is Eichhornia crassipes. The genus Eichhornia was named in 1843 by Kunth in the 
honor of John Albert Friedrich Eichhorn (Gopal, 1987); and the name hyacinth is 
derived from Latin word 'hyacinthus' which means 'a bulbous plant bearing bell 
shaped purplish flowers' . 
1.5.1.2 Morphology 
Water hyacinth is an attractive free-floating aquatic plant with beautiful 






Plate 1.2 Morphology of water hyacinth. 
1) Whole plant shows a) leaf, b) petiole and c) fibrous root. 
2) Stolon and bulbous petiole. 
3) Inflorescence of violet flowers. 
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leaves and numerous roots hanging in water (Fig. 1.2). The shoot comprises of a 
sympodially branched, stoloniferous rhizome, and with several short internodes 
(Trivedy, 1998). Each node bears a leaf and roots. Being stoloniferous herb, the 
vegetative reproduction is with the help of stolons (Fig. 1.2). The stolons develop 
by growing out at an angle of about 60° from the rhizome with the axillary buds or 
the elongation of the internode. Stolons are purplish violet and vary in size, 
extending up to 50 cm. A leaf consists of petiole, isthmus (thin part between 
petiole and blade) and a blade. The petioles may be elongated, swollen or may 
form a bulbous float, which varies with growing conditions (Fig. 1.3). In crowed 
condition, float is not produced but long petiole is developed (Gopal, 1987; Trivedy, 
1998). Leaf blade is orbicular to ovoid in shape and the size also varies with the 
growing conditions (Gopal, 1987; Trivedy, 1998). The roots are adventitious 
fibrous unbranched and have a conspicuous root cap. The roots produce many 
laterals but they are usually small in size and vary with growing conditions. This 
gives them a fine feathery appearance. The length of roots varies from 10 to 300 cm. 
They are usually whitish in color but turns pinkish violet due to the presence of 
anthocyanin when exposed to light (Gopal, 1987). The inflorescence of the water 
hyacinth is a spike with 4-25 yellow-spotted lavender colored flowers . The fruit is 
a many-seeded capsule. 
1.5.1.3 Ecology 
Water hyacinth is a perennial, tropical, aquatic weed. It grows in a variety 
of freshwater habitats from shallow temporary ponds, marsh and sluggish flowing 
waters to large lakes, reservoirs and rivers (Gopal, 1987). The plants can survive 
on wet mud for prolonged periods, or perennate in the form of seeds (Gopal, 1987; 
Trivedy, 1998). The plants occur at wide range of temperature from as low as 1 °C 
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1) 
Plate 1.3 Elastiplasticity of morphology of water hyacinth. 
1) Swollen petioles, and 2) elongated petioles. 
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during winter in northern latitudes to over 40°C summer in dry tropics (Gopal, 1987). 
They can also survive in water rich or poor in nutrients, even in water that is highly 
polluted with a variety of organic and inorganic industrial effluents containing metal 
ions (Gopal, 1987; Granato, 1993; casabiance and Laugier, 1995; Trivedy, 1998). 
Being highly adapted to severe conditions, free-floating, and capable of rapid 
vegetative reproduction and survival in diverse habitats, water hyacinth is populated 
and well spread all over the world. The'maximum reproductivity is as high as 54.4 g 
of dry wt/m2/day (Gopal, 1987; Trivedy, 1998). During warm seasons plants grow 
rapidly and cover 15% more surface area every day. Optimum conditions for 
growth are 26-35°C, pH 6-7 and 240,000 lux hours (Mehrotra and Aowal, 1982; 
Gopal, 1987; Urbanc-Bercic and Gaberscik, 1989). 
1.5.1.4 Environmental impact 
Water hyacinth grows so abundantly in rivers and other navigable waters that 
it obstructs the passage of ships, water flow in irrigation channels and hydroelectric 
power generation. Water hyacinth has also caused devastating impact on the fresh 
water ecosystem in various ways (Gopal, 1987; Aneija and Singh, 1992; Trivedy, 
1998). The extensive growth of water hyacinth depletes oxygen completely as the 
rate of organic matter production is so high that large amount of dead organic matter 
is accumulated in the water body. The decomposing dead organic matter depletes 
the oxygen and hence kills the biota and causes obnoxious smell (Aneija and Singh, 
1992; Trivedy, 1998). It also releases free CO2 that reacts with water to produce 
H2C03, which decreases the pH of water (Gopal, 1987; Trivedy, 1998). The 
populated growth of water hyacinth causes reduction of light penetration into water 
body, leading to reduction of water temperature and affect the growth of 
phytoplantons (Trivedy, 1998). 
19 
1.5.1.5 Management of water hyacinth 
Because of its high reproductive rate, ability of adapting adverse environment 
and free floating nature, it is difficult to restrict the growth of water hyacinth (Gopal, 
1987; Aneija and Singh, 1992; Smith, 1998; Trivedy, 1998). Substantial studies 
have been conducted to develop suitable management techniques to control their 
prolific growth (Gopal, 1987). In a conferences organized by the Common Wealth 
Council, various measures involving chemical, biological and mechanical devices 
such as using pesticide, herbivorous aquatic mammals and fishes, insects and 
microbial plant pathogens have been suggested and practiced (Planning Meeting on 
Management of Water Hyacinth, 79; Review Meeting on Management of Water 
Hyacinth, 1979, 1981; Interim Project Review Meeting on Management of Water 
Hyacinth, 1980). Mechanical removal has been reported as the most complete, 
effective control method for water hyacinth but the processes is relatively slow, 
expensive and labor-depending (Gopal, 1987; Smith, 1998). Another method to 
control the growth of water hyacinth is economic utilization. Studies have reported 
that water hyacinth has potential as a good absorber of organics and inorganics in 
water pollutants (Gopal, 1987; Trivedy, 1998). Extensive studies have been 
conducted on the possibility of using water hyacinth for secondary and tertiary 
treatments of sewage and various industrial effluents (Trivedy, 1998). Water 
hyacinth contains about 26% crude protein, 26% fib er, 1 7% ash and 8% available 
carbohydrate on a dry weight basis (Gopal, 1987). Because of its high protein 
content, water hyacinth can be considered as a protein source for non-ruminant 
animals and human (Gopal, 1987). However, numerous purification steps are 
needed to prepare water hyacinth for human consumption. Water hyacinth is also a 
good source of production of biogas. One kg of dried water hyacinth can yield 374 
liters of biogas containing 60-80% methane with a fuel value of 21,000 BTU per m3 
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as shown by the experiments in the National Space Technology Laboratory, USA 
(Gopal, 1987). The sludge after the production of biogas can also be used as 
fertilizer and soil conditioner (Gopal 1987; Trivedy, 1998). The fiber composition 
of water hyacinth is chemically and physically similar to sugarcane bagasse (Gopal, 
1987). The plant can be utilized for the manufacturing of paper pulp and board 
(GopaI1987; Trivedy, 1998). 
1.5.2 Water hyacinth based systems for wastewater treatment 
Using macrophytes for wastewater treatment and nutrient absorption has been 
recognized as early as in 1938 that macrophytes such as water hyacinth has the 
capacity to remove nitrogen and phosphorus from secondary sewage (Clock, 1938). 
Many studies (in laboratory as well as in the field) have shown the ability of water 
hyacinth in the removal of variety of waste constituents such as suspended particle, 
organic matter, heavy metal ions, calcium, magnesium, nitrogen, phosphorus, phenol, 
dyes, cyanide and fecal coliform bacteria (Mischra, et al., 1991; Tripathi and Shukla, 
1991; Granato, 1993; Fett et al., 1994a, 1994b; Mandi, 1994; Wang and Zheng, 1994; 
Low et al., 1994; Casabianca et al., 1995; Wang and Zheng; 1995; Ghosh, 1998). 
A number of industrial wastes like dairy waste, sugar industry waste, tannery waste, 
electroplating industry waste, textile industry waste, paper and pulp mill waste and 
domestic waste have been treated by water hyacinth (Lee et al., 1995; Trivedy, 1998). 
The treatment efficiency cannot be summarized as it varied with wastewater with 
different chemical properties. However, it can attain high treatment efficiency. For 
example, it reduced 870/0 of chemical oxygen demand (COD), 950/0 of total 
suspended solids (TTS) and 98.6% of faecal bacteria in 7 days (Mandi, 1994). 
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Water hyacinth removes nutrients and pollutants in wastewater through a 
complex array of physico-chemical processes including absorption, flocculation, 
precipitation and sedimentation, and biological processes including plant and 
bacterial processes (Muramoto and Oki, 1983; Jamil, 1998; Polprasert and 
Khatiwada, 1998; Trivedy, 1998). Polprasert and Khatiwada (1998) reported that 
the film of bacteria attached to the roots of water hyacinth is involved in the 
reduction ofBODs. 
As water hyacinth grows in heavily polluted water and has a high capacity of 
metal ion accumulation, it can be used as an efficient biofilter for the removal of 
metal ions (Gopal, 1987; Ismail et al., 1996; Jamil et al., 1998; Zhu et al., 1999). 
Sutton and Blackbum (1971) studied Cu2+ uptake by water hyacinth from Hoagland 
nutrient solution. Many data have been accumulated on the uptake of metal ions 
including arsenic (As3+), copper (Cu2+), cadmium (Cd2+), chromium (Cr6+), mercury 
(Ag2+), nickel (Ni2+), lead (Pb2+), selenium (Se2+), europium (Eu2+), zinc (Zn2+) by the 
plant (Chigbo et al., 1982; Muramoto and Oki, 1983; Tumquist, 1990; Akcin et al., 
1993; Delgado et al., 1993; Rai et al., 1993; Jenatte et al., 1994; Singaram, 1994; 
Zaranyika et al., 1994; Zaranyika and Ndapwadza, 1995; Panda 1996; Kelly et al., 
1999). According to Zhu et al. (1999), water hyacinth accumulated Cd2+ and Cr6+ at 
higher levels, Se2+ and Cu2+ at moderate levels, but was a poor accumulator of As3+ 
and Ni2+. The highest levels of Cd2+, Ci+ and Cu2+ found in roots were 6,103, 3,951 
and 2,655 mg L-1 respectively (Zhu et al., 1999). Water hyacinth can also extract 
metals ions at low concentrations. The highest bioconcentration factors (BCFs) for 
Cd2+, Cr6+ and Cu2+ were 2,150, 1,823 and 595 respectively (Zhu et al., 1999). 
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1.6 Biology of rhizosphere 
Rhizosphere is defined as the environment that is influenced biologically and 
biochemically by the living root (O'Connell et al., 1996). On the surface of the 
plant root, it is coated with a layer of mycigel that is composed of plant mucilage, 
bacterial cells, metabolic products, colloidal organics and mineral materials. It is 
released from the roots as exudates and secretion (Klein et al., 1990). The exudates 
contain amino acids, sugars, organic acids, proteins, polysaccharide, and growth-
promoting and growth-inhibiting substances (Klein et al., 1990). The organic 
carbon source and the binding surface provide a dynamic force for the colonization 
of microbes in the rhizosphere and create the "rhizospheric effect" (Elliott et al., 
1984; Bazin et al., 1990; Bolton et al., 1993; Wang and Zheng, 1994). The 
microbe-plant interaction in the rhizosphere is dynamic and complicated. Some 
microbes in the rhizosphere contribute to plant health by mobilizing nutrients, some 
microbes are detrimental to plant health because they compete with the plant for 
nutrients or cause disease, and some microbes stimulate plant growth by producing 
hormones or suppressing pathogens (Bazin et al., 1990; Anderson et al., 1993; 
O'Connell et al., 1996). Alteration of the biological and chemical composition of 
the rhizosphere can, therefore, be expected to modify the microbial ecology of 
rhizosphere (Bazin et al., 1990; Parke, 1991; Anderson et al., 1993; Bolton et al., 
1993; O'Connell et al., 1996; Zhao and Zheng, 1996). This can be attained by 
various methods such as organic amendments, microbial inoculation, and 
manipulation of plant genotypes. 
The use of plants in combination with microorganisms to degrade organic 
pollutants in soils or water has been reviewed. (Walton and Anderson, 1992; 
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Anderson et al., 1993; Anderson and Coats, 1994; Zhao and Zheng, 1996). 
However, the use of microorganisms to improve the plant uptake of heavy metals 
from soils or water has not been fully explored. It is known that rhizospheric 
microorganisms facilitate the uptake of essential element such as Fe and Mn by 
plants (Barber and Lee, 1974; Crowely et al., 1991). Several strains of 
Pseudomonas and Bacillus were shown their capability in increasing the total 
amount of Cd accumulated from hydroponic solution by 2 weeks old B. juncea 
seedlings (Salt et al., 1995). 
Some bacteria can reduce the toxicity of metal ion to plants (Burd et al., 1998; 
Burd et al., 2000). Hence, alteration of the microbial community of the rhizosphere 
can increase the feasibility and efficiency of phytoremediation (O'Connell et al., 
1996). For example, in plants, toxic effect is partially due to the metal ion induced 
iron deficiency (Burd et al., 1998). Siderphores produced by bacteria can eliminate 
iron deficiency and hence the metal ion toxicity. Burd et al. (1998) showed that the 
plant-growth promoting bacterium, Kluyvera ascorbata sun 165 could produce an 
enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase and decrease the 
Ni2+ toxicity to the plant. Metal ions can also induce ethylene production by plants. 
An excess of ethylene can inhibit plant development. The bacterial ACC 
deaminase can hydrolyze and decrease the amount of ACC, an ethylene precursor, in 
plants and hence eliminate the inhibition effect to the plant by the metal ions without 
affecting the amount ofNi2+ accumulated by the plant. 
In another study conducted by Souza et al. (2000), they showed inoculation 
of rhizospheric bacteria into the rhizosphere of the plant could facilitate selenium 
and mercury accumulation in two wetland plants, saltmarsh bulrush (Scirpus 
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robustus Pursh) and rabbit-foot grass (Polypogon monspeliensis (L) Desf.). 
Selenate uptake into roots is enhanced by rhizosphere bacteria that interact with the 
plant to produce a heat-labile proteinaceous compound that stimulates selenanate 
uptake, possibly by a novel pathway (Souza et al., 2000). 
In the case of water hyacinth, there is no related study on the role of 
rhizospheric bacteria on its metal ion accumulating ability. However there are some 
studies on the interaction of the rhizospheric bacteria with the water hyacinth root 
exudates (Zheng and He, 1990) and the role of rhizospheric bacteria on the 
degradation of phenol (Wang and Zheng, 1994). These studies indicate that the 
presence of phenol increased the rhizospheric effect, and the inoculation of 
rhizospheric bacteria into the rhizosphere of plant could enhance the degradation of 
phenol by increasing the amount of polyphenoloxidase and peroxidase. 
We are interested to know whether metal ion accumulating rhizospheric 
bacteria can colonize on the root and increase the metal ion removal capacity of the 
roots of water hyacinth. 
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2. Objectives 
Urbanization and industrialization have increased the quantity of metal ions 
polluted wastewater discharged to the environment. As metal ions are non-
biodegradable in nature and persistent in environment, the elevated metal ion 
concentration in environment have increasingly threatened to human health and have 
posed the problem of water resource depletion and damage to ecosystem (Newman 
and Mclntosh, 1991). To have a sustainable development, a simple, inexpensive 
and effective treatment on metal ions in wastewater is needed. 
Water hyacinth has been proposed for being used as an inexpensive 
biological treatment system for the removal and recovery of metal ions from 
wastewater (Mischra et al., 1991; Akcin et al., 1993; Delgado et al., 1993; Akcin et 
al., 1994; Jamil, 1998; Jamil et al., 1998;). Water hyacinth has a high metal ions 
accumulating ability that can remove metals ions from wastewater by concentrating 
metal ions in the roots (Low et al., 1994; Vesk et al., 1999). 
The microbial biotechnology of immobilizing microbial cells on solid surface 
to remove metal ions is also well developed nowadays (Subramanian et al., 1994; 
Chang and Huang, 1998). We would wonder if such microbial biotechnology could 
increase the efficiency of the biological system using water hyacinth. Thus we 
proposed to use the roots of water hyacinth as the binding surface for forming a 
biofilm that contains the metal ion-removing bacteria. As the ecology of 
rhizosphere is dynamic and complicated, an indigenous metal ion-accumulating 
bacterium and good colonizer was isolated from the roots. The selected bacterium 
was then inoculated into rhizosphere to determine whether the bacterial inoculum 
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could increase the metal ion removal capacity of the roots of water hyacinth. The 
present study aimed at finding out whether the metal ion-resistant and/or 
accumulating bacterium can be isolated and colonized on the root surface by 
inoculation in culture medium and its effect on the metal ion removal capacity of the 
roots of water hyacinth. 
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3. Materials and Methods 
3.1 Metal ion stock solution 
The stock solutions of Cu2+, Ni2+ and Zn2+ were prepared by dissolving 26.827 
g of CuCI2.2H20, 39.822 g of NiCI2.6H20 and 20.845 g of ZnCl2 (RDH, Seeize, 
Germany) in 1,000 mL ultrapure water respectively. Stock solutions of 10,000 mg 
L-1 were prepared and stored in polyethylene bottles. 
3.2 Plant material and growth conditions 
Water hyacinth [Eichhornia crassipes (Mart.) Solms] was cultivated in plastic 
tanks containing water and sediment (collected from fish pond in Mai Po) in a 
greenhouse (Plate 3.1). The water was renewed every 14 d and NPK complex 
fertilizer (N, 13%, P20 S' 13%, K20, 21 %, Kampka, Germany) was added. Mature 
plants of similar size and root length of 25-30 cm were sorted out and washed with 
running tap water. The plants were individually transferred to polyethylene flasks 
containing 2 L of half strength Hoagland solution (Table 3.1) and acclimated in a 
growth chamber (Hotpack, Philadelphia, USA) (Plate 3.2) with controlled 
temperature and light condition (25±2°C, 24 Jlmols-1m-2, 12 h photoperiod) for three 
days in order to adapt to the experimental conditions. After completion of the 
acclimation period, the plants were ready for experiment. 
3.2.1 Preparation of Hoagland solution 
The individual stock solution of Hoagland solution (Table 3.1) was prepared 
and autoclaved at 120°C for 15 min. Half-strength Hoagland solution was prepared 
according to Table 3.1 using the deionized water. 
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Plate 3.1 Stock culture of water hyacinth in plastic containers 
in a greenhouse. 
Plate 3.2 A walk-in culture chamber for the experiment. 
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1 Formulated by Hoagland and Aron (1950) and modified by lohnson et al. 
(1957) (Esperin, 1972). 
2 Ferrous dihydrogen ethylenediamine tetraacetic acid. 
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3.3 Metal ion resistance of water hyacinth 
After acclimation, the plants were cultured in fresh Hoagland solution with 
different metal ion concentrations at 0, 6.25, 12.5, 25 and 50 mg L-1 for six days. 
Three replicates were prepared. Afterward, the growth of the plants was observed. 
Since the plant transpiration rate was very high, the initial water level was marked 
and maintained by addition of deionized water everyday. Experimental set-up is 
shown in Plate 3.3. 
3.4 Effect of metal ion concentration on the bacteria population 
The plants were treated with different metal ion concentrations with two 
replicates as mentioned in Section 3.3. The roots of the plants were collected 
aseptically and washed with 250 mL of half-strength Hoagland solution. Five g 
(wet weight) of roots were blended with 30 mL of saline (0.9% NaCI) at high power 
for 5 min. To avoid overheating, the roots were blended for 1 min five times and 
cool for 5 min at each interval. One mL of sample was serial diluted. The diluted 
sample was spread on two minimal medium agar plate (MM)(Section 3.4.1) with 25 
mg L-1 of metal ion. The plates were incubated at 30°C and monitored for 7 d. 
3.4.1 Minimal medium (MM) 
The constituents of MM (Table 3.2) excepted MgS04-7H20, CaCI2-2H20, D-
glucose (Ajax, Sydney, Australia) and metal ion solutions were dissolved and 
autoclaved in Tris buffer. MgS04- 7H20, CaCI2-2H20, D-glucose (Ajax, Sydney, 
Australia) and metal ion solutions were autoclaved separately and added afterward to 
avoid precipitation of the medium. Tris buffer at pH 7.0 was prepared by dissolving 
6.05 g Trizma base (Sigma, St. Louis, USA) in 1 L deionized water and the pH was 
adjusted by adding IN HCl. MM plates were solidified by adding 15 g of agar 
(Difco Laboratories, Detroit, USA) in 1 L solution. 
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Plate 3.3 Experimental set up of a plastic container with 2 L 
of Hoagland solution. 
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Table 3.2. Composition of minimal medium (MM)l 








Nutrient broth2 0.4 
1 Modified from Wong and Choi (1998). 
2 Nutrient broth (Oxoid, Hampshire, England) 
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3.5 Isolation of rhizospheric metal ion-resistant bacteria 
Two methods were used to isolate the metal ion resistant bacterial strains. 
The first one was the enrichment of the metal ion resistant bacteria in the rhizosphere 
by culturing the plants in different metal ion concentrations and the desirable bacteria 
were isolated as mentioned in Sections 3.3 and 3.4. The second one was screening 
for the metal ion resistant bacteria in the natural popUlation of the rhizosphere. 
After acclimation of the plants for 3 d, the bacteria was isolated as mentioned in 
Section 3.4 but no metal ion solution was added into the medium. The metal ion 
resistant ability of the selected bacterium was screened by streaking a colony on the 
MM-agar plate with 25 mg L-1 of metal ion. 
Two replicates were done to isolate the metal ion-resistant bacteria according 
the morphology of the colonies. The colonies with different morphology were 
picked and kept as pure strains. 
3.6 Metal ion removal capacity of isolated bacteria 
The metal ion resistant bacterial strain was precultured in MM with 25 mg L-1 
of metal ion for 2 d. One % of the culture stock was then inoculated into 100 mL of 
MM with 25 mg L-1 of metal ion in a 250 mL conical flask. The culture was 
incubated at 25°C and shaken at 150 rpm for 2 d. The cells were collected by 
centrifuging 200 mL culture solution in 250 mL centrifuge bottles at 10,000 rpm for 
10 min. The cells were washed twice with Tris buffer at pH 7.0 and suspended in 
10 mL of Tris buffer. The dry weight and the metal ion content of the cells were 
determined. Two replicates were done to screen the metal ion removal capacity of 
the isolated bacteria. 
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Aluminum cups were dried at 105°e for 24 h and cooled down in dessicator. 
Five mL of cell culture were dried on the preweighed aluminum cup at 105°e in an 
oven overnight. To eliminate the effect of the weight of matrix solution of the 
culture, the weight of 5 mL Tris buffer dried 105°e was deducted from the dry 
weight of the cell. 
The metal ion content of cells was determined by drying 5 mL of cell culture 
in a digestion tube at 105°e for 24 h. It was predigested with 5 mL of 69% RN03 
(BDH, Dorset, England) overnight and refluxed at 900 e for 16 h. The temperature 
was increased progressively to 130oe. The solution was boiled until it was clear 
and 1 mL solution left. The solution was then diluted with ultrapure water in a 25 
mL volumetric flask. The samples were filtered and kept in polyethylene bottle. 
The metal Ion content was determined by flame atomic absorption 
spectrophotometry (AAS, Hitachi spectrophotometer Z81 00, Tokyo, Japan). 
Removal capacity (mg g-l) -
Metal content in the cells (mg) 
N et dry weight of the cell (g) 
3.7 Colonization efficiency of a metal ion-adsorbing bacterium onto root 
3.7.1 Suppression of the bacterial population in the rhizosphere by an antibiotic 
Oxytetracycline (OTe) was used to suppress the rhizospheric bacteria to 
enhance the colonization efficiency of the inoculum laded species. The efficiency 
of OTe in suppressing the native rhizospheric bacteria and its effect to the plant was 
studied. After acclimation, the plants were treated with 250 mg L-1 of OTe in half-
strength Hoagland solution for 3 d. The growth of the plants and the bacteria 
population were examined. Two replicates were done to confirm the result. 
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3.7.2 Colonization efficiency 
3.7.2.1 Inoculum 
The bacterial strain was precultured in minium medium (MM) with 25 mg L-1 
of metal ion for 2 d. Then 1 % of the culture stock was inoculated into 100 mL of 
MM with 25 mg L-1 of metal ion in a 250 mL conical flask. The culture was 
incubated at 25°C and shaken at 150 rpm for 2 d. The cells were collected by 
centrifuging 200 mL of culture solution in 250 mL centrifuge bottles at 10,000 rpm 
for 10 min. The cells were washed twice with 0.9% NaCI (saline solution) and 
suspended in 10 mL of saline solution. The sample was serially diluted with saline 
solution and spread on the agar plate to determine the number of cells. 
3.7.2.2 Inoculation 
Ten mL of bacterial cell suspension were inoculated into the rhizosphere of 
the plants as freely suspended form and 10 mL of saline solution were inoculated as 
control. After 3 d, the numbers of cells on the root and in the Hoagland solution 
were determined. Rhizospheric ratio was used to assess the colonization 
efficiency of inoculum of bacterial strain (Wang and Zheng, 1994). 
No. of cells on 1 g root (R) 
Rhizospheric ratio (R/S) = 
No. of cells in 1 mL solution (S) 
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3.8 Effect of colonizing the metal ion-adsorbing bacteria on the metal ion 
removal capacity of roots 
The bacteria were inoculated onto the roots as mentioned in Section 3.7. 
After 3 d treatment with the inoculant, the plants were transferred to the freshly 
prepared Hoagland solution with 25 mg L-1 of metal ion. The water level was 
marked and maintained everyday. After six days the roots were collected for the 
determination the number of bacteria colonized and the metal ion content in the 
roots. 
Five g of roots were blended as mentioned in Section 3.4 and the rest of the 
roots were dried in paper bags at 105°C for 24 h. The samples were weighed and 
predigested overnight in digestion tubes with 10 mL of RN03 • The samples were 
refluxed at 90°C for 16 h. The temperature was increased progressively to 130°C. 
The solution was boiled until it was clear and 2 mL solution left. The solution was 
diluted with ultrapure water in 50 mL volumetric flasks. The samples were filtered 
and kept in polyethylene bottles. The metal ion content was determined by flame 
atomic absorption spectrophotometry. 
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4. Results 
4.1 Selection of optimum metal ion concentration for water hyacinth and 
rhizospheric bacteria 
4.1.1 Metal ion resistance of water hyacinth 
Plates 4.1, 4.2 and 4.3 showed the appearance of the water hyacinth that had 
been cultured in the different concentrations (0, 6.25, 12.5, 25 and 50 mg L-1) of Cu2+, 
Nf+ and Zn2+ in half-strength Hoagland solution for 6 d. According to the degree of 
chlorosis and necrosis of the leaves, the toxicity of metal ions to the plant was 
assessed and summarized in Tables 4.1. 
From the result, Cu2+ and Ni2+ were toxic to water hyacinth even at low 
concentration (6.25 mg L-1) but there was no toxic effect for Zn2+ to water hyacinth 
even at 50 mg L-1 of Zn2+. The toxicity of Cu2+ and Ni2+ to water hyacinth was 
similar. When the concentration of Cu2+ and Ni2+ were at 6.25 and 12.5 mg L- 1, 
yellowing of the leaves was observed and the toxic effect increased with the 
concentration of metal ion. More than 75% of leaves were wilted at 50 mg L-1• 
Zn2+ showed no toxic effect to water hyacinth even at 50 mg L-1, and the water 
hyacinth grew healthily and buds grew out. 
In order to unify the concentration to be used for different metal ions, the 
highest concentration that can be tolerated by the plants was selected. According to 
the results, 25 mg L-1 was appropriate (Table 4.1). At that metal ions concentration, 
nearly 50% of leaves grew healthily, without yellowing. 
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1) Cu2+ (0 mg L-1) 
5) Cu2+ (50 mg L-1) 
Plate 4.1 Water hyacinth grown in 2 L of Hoagland solution with 0, 6.25, 12.5, 
25.0 and 50.0 mg L-1 ofCu2+ for 6 days. 
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Plate 4.2 Water hyacinth grown in 2 L ofHoagland solution with 0, 6.25, 12.5, 
25.0 and 50.0 mg L-1 ofNi2+ for 6 days. 
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1) Zn2+ (0 mg L-1) 2) Zn2+ (6.25 mg L- ) 
Plate 4.3 Water hyacinth grown in 2 L ofHoagland solution with 0, 6.25, 12.5, 
25.0 and 50.0 mg L-1 ofZn2+ for 6 days. 
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Table 4.1 Toxicity of metal ion to water hyacinth 1• 
Metal ion Rating of toxicity2 
concentrations 
(mg L-1) Cu2+ Ne+ Zn2+ 
o (control) ++++++ ++++++ ++++++ 
6.25 +++++ +++++ ++++++ 
12.5 +++++ +++++ ++++++ 
25 +++ ++++ ++++++ 
50 ++ ++ ++++++ 
1 Three replicates were done and all fell into the range that no variation was shown 
in the result. 
2 Rating scale of the toxicity effect of metal ions to water hyacinth. 
Percentage of chlorosis and necrosis leaves relative to control 
Control >5% >250/0 >50% >750/0 1000/0 
Rating ++++++ +++++ ++++ +++ ++ + 
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4.1.2 Effect of metal ion concentration on population of rhizospheric bacteria 
Plate 4.4 shows the bacterial population in rhizosphere of water hyacinth at 
different concentrations of Cu2+. Table 4.3 shows the change in number of bacterial 
strains in different Cu2+ concentrations. When the Cu2+ concentration increased 
from 0.65 mg L-1 to 50 mg L-1, the number of bacterial strains decreased and only one 
bacterial strain dominated at 50 mg L-1 of Cu2+. As the metal ion concentration 
increased, the diversity of bacterial strains (i.e. number of bacterial strains) decreased. 
In the absence of metal ion, the natural population in rhizosphere was diverse. 
When it was treated with different concentrations of metal ions, the population 
diversity was changed because of the toxicity of metal ions and difference in 
tolerance and competence of bacteria. In the case of Cu2+, as the concentration 
increased, some bacterial strains were killed and the colonies were dominated by a 
bacterium Strain CU-I. In the presence of 50 mg L-1 of Cu2+, Strain CU-l 
dominated and the total number of bacteria also increased. 
4.1.3 Selection for optimum metal Ion concentration for water hyacinth and 
rhizospheric bacteria 
As water hyacinth and its rhizospheric bacteria have different degree of metal 
ion tolerance, we select an optimum concentration of metal ion that is closed to the 
metal ion concentration of wastewater and that can be tolerated by water hyacinth 
and the rhizospheric bacteria. In the presence of 25 mg L-1 of Cu2+, the plant was 
still alive ("--50 % chlorosis) and could support the interaction ofrhizospheric bacteria 
and the roots. Moreover, in the presence of higher metal ion concentration, the 
toxicity would result in mono culture of rhizospheric bacteria (Strain CU-1 at 50 mg 
L-1 of Cu2+) and difficulty in colonization of bacteria on the root surface. 
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1) Cu2+ 0 mg L-1, 10-2 2) Cu2+ 6.25 mg L -1, 10-3 
5) Cu2+ 50.0 mg L-1, 10-3 
Plate 4.4 The population diversity dynamics ofrhizopheric bacteria in media 
with different Cu2+ concentrations. 
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Table 4.3 Change in total population of rhizospheric bacteria in the presence of 
different Cu2+ concentrations. 











4.2 Screening for bacterial strain with high metal ion resistance and removal 
capacity 
4.2.1 Enrichment of the metal ion resistant bacteria in the rhizosphere 
After the water hyacinth was cultured in 25 mg L-1 of metal ion solution for 6 
d, the rhizospheric bacterial strains were isolated on MM plate with 25 mg L-1 of 
metal ions (Table 4.4). There were totally 21 bacterial strains isolated, 2 strains 
were Cu2+ resistant, 8 strains were Ni2+ resistant and 11 strains were Zn2+ resistant. 
The bacteria isolated were based on their differences in color, texture, morphology 
and shape of their colonies. The toxicity of metal ions to the rhizospheric bacteria 
was in the descending order of Cu2+ >Ni2+ > Zn2+. Since the number of bacterial 
strains that were resistant to Cu2+ were less then that to the other two metal ions, we 
further increased the metal ion concentration to search for Cu2+ resistant strain. 
Five more bacterial strains, Strains B-2-2, FC-2-2, T -2-2, W -2-2 and Y -2-2, were 
isolated at 50, 50, 75, 100 and 50 mg L-1 of Cu2+ solution respectively (Plate 4.5). 
The descriptions on the characteristics of the five bacterial strains are shown in Table 
4.5. 
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Table 4.4 The bacterial strains isolated from the enrichment with 25 










1 Pound at 50 mg L-1 of Cu2+ 
2 Pound at 75 mg L-1 ofCu 2+ 

















Plate 4.5 Isolated Cu2+-resistant bacteria on MM agar plates. 
1) Strain B-2-2, 2) Strain FC-2-2, and 5) Strain Y -2-2 
• Gram positive bacteria 
• 50 mg L-1 of Cu2+ in Hoagland solution. 
3) Strain T-2-2 
• Gram positive bacteria 
• 75 mg L-1 ofCu2+ in Hoagland solution 
4) Strain W-2-2 
• Gram negative bacteria 
• 100 mg L-1 ofCu2+ in Hoagland solution 
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Table 4.5 Characteristics of colony of the five Cu2+ -resistant bacterial strains I. 
Strain Size Shape Texture Color 
B-2-2 Large Circular, converse Mucous Milky yellow 
FC-2-2 Large Irregular, folding Dry, chalky, hard Chalky white 
T-2-2 Small Circular, converse Moist Opaque milky 
W-2-2 Small Circular, converse Moist Transparent 
Y-2-2 Large Circular, converse Mucous Shiny yellow 
I Refer to Plate 4.5. 
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4.2.2 Isolation of the natural bacterial population in the rhizosphere 
Two trials were conducted to isolate the natural bacterial populations from the 
roots of water hyacinth that had been cultured in Hoagland solution for 3 d. The 
bacteria isolated from different trials were named as R-1 (the plates were incubated 
for 1 d) and R-2 (the plates were incubated for 2 d) separately. After purification, 
19 bacterial strains were isolated (Table 4.6). They were isolated based on their 
differences in color, texture, morphology and shape of the colonies. Strains R-2-1, R-
2-7, R-2-9 and R-2-10 were lost, as they grew weakly on agar plate with 25 mg L-1 
metal ion. 
4.2.2.1 Selection for metal ion-resistant strain 
The isolated bacterium was streaked on agar plates with 25 mg L-1 of metal 
Ion. The bacterial strain that could grow on the agar plate was tested for its metal 
ion removal capacity. Six Ni2+ -resistant strains and 12 Zn2+ -resistant strains were 
found and five of them are co-resistant to Ni2+ and Cu2+ (Table 4.6). No Cu2+-
resistant strain was obtained (Table 4.6). When the bacteria isolated from the 
natural population were streaked on the plate with metal ion, most of them grew 
slowly and in small colonies. 
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Table 4.6 Metal ion-resistance of the rhizospheric bacterial strains 
grew on the MM agar plate with 25 mg L-1 of Cu2+, Ni2+ or Zn2+. 
Strain Cu2+ Ne+ Zn2+ 
R-l-l x x x 
R-1-2 x ~ ~ 
R-1-3 x x x 
R-1-4 x x ~ 
R-1-5 x x ~ 
R-1-6 x x x 
R-1-7 x x x 
R-1-8 x ~ x 
R-1-9 x x x 
R-2-2 x x x 
R-2-3 x x ~ 
R-2-4 x ~ ~ 
R-2-5 x ~ ~ 
R-2-6 x x ~ 
R-2-8 x ~ ~ 
R-2-11 x ~ ~ 
R-2-12 x x ~ 
R-2-13 x x ~ 
R-2-14 x x ~ 
~ Able to grow on MM agar plates with 25 mg L-1 of the respective 
metal ions. 
x Unable to grow on MM agar plates with 25 mg L-1 of the respective 
metal ions. 
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4.2.3 Determination of the metal ion removal capacity of rhizospheric metal ion-
resistant bacterial strains 
Tables 4.7, 4.8 and 4.9 show the Cu2+, Ni2+ and Zn2+ removal capacity of 
respective resistant strains. Generally, the metal ion removal capacity for the strains 
isolated from the enrichment with metal ion solution was higher than those isolated 
from natural population. Among the three metal ion-resistant groups, the Cu2+-
resistant strains showed the highest metal ion removal capacities. For strain FC-2-2, 
the Cu2+ removal capacity was 10.59 mg g-l with 0.11 g dry biomass (Table 4.7). 
Strain Ni-1 had the highest Ni2+ removal capacity (4.03 mg g-l) with 0.04 g dry 
biomass (Table 4.8). For Zn2+, the best candidate was strain Zn-2 and the removal 
capacity was 2.11 mg g-l with 0.045 g dry biomass (Table 4.9). Although Strain R-
2-5 had higher removal capacity (3.25 mg g-l), its dry biomass was too low (0.006 g) 
(Table 4.9). However, they are not good enough for Ni2+ or Zn2+ removal so the 
Cu2+ -resistant strain (FC-2-2) was selected for further study. 
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4.2.4 Comparison of Cu2+, NF+ and Zn2+ removal capacities of isolated Cu2+ 
resistant bacterial strains 
Table 4.10 shows the removal capacity of Cu2+ -resistant strains in Cu2+ (25 
mg L-1), Ni2+ (25 mg L-1) and Zn2+ (25 mg L-1) solutions. The growth of the bacterial 
cells was similar in three metal ion solutions (Table 4.11). Except for Strains FC-2-
2 and Strain B-2-2, they grew very poorly in Ni2+ solution (Table 4.11). Most of the 
Cu2+ -resistant strains are co-resistant to Ni2+ and Zn2+. However, they were still not 
ideal for Ni2+ or Zn2+ removal, as their metal ion removal capacities were low (Table 
4.10). 
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Table 4.7 The Cu2+ removal capacity of isolated Cu2+ -resistant bacterial strains. 
Strain Bacterial cells mass Metal ion removed by RC (mg g-l) 
(DW\ g) bacterial cells (mg) 
CU-1 0.027 0.051 1.87 
CU-2 0.012 0.074 6.25 
FC-2-2 0.113 1.200 10.62 
B-2-2 0.013 0.044 3.44 
T-2-2 0.031 0.063 1.96 
W-2-2 0.031 0.040 1.29 
Y-2-2 0.076 0.056 0.74 
IDW=Dry weight 
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Table 4.8 The Ni2+ removal capacity of isolated Ni2+ -resistant bacterial strains. 
Strain Bacterial cell mass Metal ion removed by RC (mg g-l) 
(DWI, g) bacterial cells (mg) 
R-1-2 0.029 0.001 0.04 
R-1-8 0.010 0.006 0.56 
R-2-4 0.078 ND2 ND 
R-2-8 0.051 ND ND 
Ni-1 0.045 0.183 4.03 
Ni-6 0.008 ND ND 
Ni-7 0.031 0.101 3.29 
Ni-8 0.040 0.118 2.98 
IDW = Dry weight 
2ND = Not detectable 
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Table 4.9 The Zn2+ removal capacity of isolated Zn2+ -resistant bacterial strains. 
Strain Bacterial cell mass Metal ion removed by RC (mg g-I) 
(DWI, g) bacterial cells (mg) 
R-1-2 0.019 0.015 0.76 
R-1-4 0.030 0.013 0.44 
R-1-5 0.023 0.017 0.72 
R-2-3 0.050 0.043 0.86 
R-2-4 0.040 0.038 0.94 
R-2-5 0.006 0.019 3.25 
R-2-8 0.048 0.024 0.49 
R-2-13 0.012 0.023 1.92 
R-2-14 0.013 0.032 2.35 
Zn-2 0.045 0.090 2.11 
Zn-9 0.022 0.025 1.14 
IDW = Dry weight 
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Table 4.10 The removal capacities for Cu2+, Ni2+ and Zn2+ of the Cu2+-
resistant bacterial strains. 
RC (mg g-l) 
Strain Cu2+ Ne+ Zn2+ 
FC-2-2 10.59 1.79 1.80 
B-2-2 3.44 ND1 2.48 
T-2-2 1.96 0.27 0.68 
W-2-2 1.26 0.34 0.75 
Y-2-2 0.74 0.13 0.36 
IND = Not detectable. 
57 
Table 4.11 Growth of Cu2+ -resistant bacterial strains grew in Cu2+, Nj2+ 
and Zn2+ solutions. 
Bacterial cell mass (DWl, g) 
Strain Cu2+ Ni2+ Zn2+ 
FC-2-2 0.113 0.032 0.107 
B-2-2 0.013 ND2 0.012 
T-2-2 0.031 0.045 0.049 
W-2-2 0.031 0.049 0.050 
Y-2-2 0.076 0.062 0.082 
1 DW = Dry weight 
2ND = Not detectable 
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4.3 Effect of inoculating Cu2+ -resistant bacterial strain to the rhizosphere on 
the metal ion removal capacity of the root 
4.3.1 Bactericidal efficiency of oxytetracycline 
To increase the competence of inoculated bacteria, antibiotic was added to 
suppress the growth of natural bacterial populations in plant rhizosphere. Antibiotic 
was used since it kills only prokaryotic organisms (i.e. bacteria) without any harm to 
eukaryotic organisms. Oxytetracycline (OTC) was chosen as it can kill or inhibit 
both Gram positive and Gram negative bacteria, has high dissolving ability in water 
and is available commercially at relatively low price. 
The bactericidal efficiency was assessed by culturing water hyacinth in 
different concentrations of OTC. Plate 4.6 shows the rhizospheric population after 
treatment with different concentrations of OTC. When the OTC concentration was 
increased from 62.5 to 500 mg L-1, the bactericidal efficiency of OTC increased, 
while the number of bacterial cells and the diversity decreased (Plate 4.6). When 
the OTC concentration increased from 125 to 250 mg L-t, there was dramatic 
decrease in an order of magnitude in bacterial cell number. The bactericidal 
efficiency of OTC was the highest at 500 mg L-1• However, it had a harmful effect 
to water hyacinth at 500 mg L-1 ofOTC (Plate 4.7). Yellowing and wilting of plants 
were observed. The mechanism causing the toxicity was not known. Thus 250 
mg L-1 of OTC was selected to treat the water hyacinth for 3 d to reduce the 
population of the indigenous rhizospheric bacteria. The number of bacterial cells 
for untreated and treated plants were 106 and 105 per g (wet weight) of root 
respectively. 
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2) 62.5 mg L-1, 10-2 
4) 250 mg L-1, 10-1 
Plate 4.6 Bactericidal efficiency of oxytetracycline to rhizospheric bacteria. 
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Plate 4.7 Toxic effect of oxytetracycline at high concentration (500 mg L-1) 
to water hyacinth. 
4.3.2 Effect of inoculating isolated Cu2+-adsorbing bacterial cells into the 
rhizosphere 
Strain CU-1 was chosen for the screenIng test of the feasibility of 
colonization on roots and the effect on the metal ion removal capacity, as strain CU-1 
occurred naturally in the rhizosphere and dominated in the presence of 25 and 50 mg 
L-1 of Cu2+ in culture solution (Section 4.2.1). In the presence of 25 mg L-1 of Cu2+, 
it could be competent strain in the rhizosphere. 
The population of Strain CU-1 is different between the OTC treated and without 
OTC treatment. The water hyacinth have no treatment of OTC, Strain CU-1 
occupied 3.13% of the total rhizospheric population. For the water hyacinth treated 
with OTC, Strain CU-1 occupied 11.49% of the population (Table 4.12). 
When the pure culture of Strain CU-1 with total number of cells at 3.4x1011 was 
inoculated into the rhizosphere, the inoculum could colonize on the roots of water 
hyacinth that were either treated or untreated with OTC. Strain CU-1 dominated in 
the rhizosphere and the total number of cells increased one order of magnitude when 
compared with the control that with no inoculation (Table 4.12). 
When a comparison was made between the water hyacinth with or without 
inoculation of Strain CU-1, the Cu2+ removal capacity of the roots, either with or 
without OTC treatment, increased 1.91 and 1.56 times respectively (Table 4.12). 
Therefore, the preliminary results show that the inoculated Strain CU-1 could 
colonize on the roots and increased the Cu2+ removal capacity of the roots even 
higher in untreated roots. 
However, the cell number of Strain CU-1 in the solution was high. It is not 
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desirable as it may compete for the metal ions with the bacterial cells colonized on 
root surface. It is probably due to excess bacterial cells were inoculated into metal 
ion solution (Table 4.13). 
4.3.3 Effect of bacterial cell density of inoculum on the colonizing efficiency 
Another strain (Strain W -2-2) was used as it was dominant in population at 
high Cu2+ concentration (100 mg L-1). The stock culture (1.61x109 cells mL-1) for 
strain W -2-2 was prepared and diluted serially. The final cell densities of inoculum 
were 109 , 107,105 and 103 cells mL-1• The results are shown in Table 4.14. When 
adjusting the number of bacterial cells of inoculum (109 to 105 cells mL-1), the 
colonizing efficiency of bacteria was higher for the inoculum with less bacterial cell 
number. Contradictory result was found, when using the inoculum with the 103 
cells. The colonization efficiency and rhizospheric effect (i.e. the proportion of 
bacterial cells adhered on the root) were lower. The results suggest that the 
bacterial cell number of inoculum affected the colonization of bacteria. When an 
optimum number of bacterial cells for inoculation is used, the colonization efficiency 
can be enhanced. However, the result was not very conspicuous and the number of 
bacterial cells in solution was still as high as 106 cells mL-1 • 
A screening test was conducted to find whether the inoculation of Strain W-
2-2 could increase the Cu2+ removal capacity of the roots. However, there was no 
effect. It may be due to the Cu2+ removal capacity of Strain W-2-2 was low (1.26 
mg g-l), thus Strain FC-2-2 was selected as it had the highest Cu2+ removal capacity 
(10.59 mg g-l). 
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4.3.4 Colonizing efficiency and metal ion removal capacity of root by direct 
inoculation of metal ion-adsorbing bacterial cells into metal ion solution or 
pre-inoculation in Hoagland solution. 
To avoid high bacterial cell number suspended in solution, pre-colonization 
of the roots by Strain FC-2-2 in Hoagland solution was performed before it was 
transferred to metal ion solutions. The colonization efficiency of pre-colonized 
water hyacinth was much higher than that inoculated directly and the bacterial cell 
number in solution was at 104 cells mL-1 only (Table 4.15). However, the Cu2+ 
removal capacity of roots with direct inoculation was higher (Table 4.15). Pre-
colonization was recommended as it has higher colonizing efficiency. 
4.3.5 Effect of inoculating Strain FC-2-2 into the rhizosphere on the metal ion 
removal capacity of roots 
Five trials were performed to compare the Cu2+ removal capacity of 
inoculating Strain FC-2-2 with the control (without inoculation) (Table 4.16). 
When inoculating 108 cells of Strain FC-2-2, 105 cells were colonized on 1 g of roots 
but bacterial cells were not detected for the control after three days. After it was 
transferred and cultured into Cu2+ solution for 6 d, there was growth in population 
and 106 cells of Strain FC-2-2 adhered on 1 g of roots. The bacterial population of 
the control fluctuated with large variation of cell number of Strain FC-2-2. The 
Cu2+ removal capacity of the roots inoculated or without inoculated with Strain FC-2-
2 was not significant and the correlation of number of bacterial cells on the roots and 
the removal capacity of the root was not obtained. 
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Table 4.12 Effect of inoculating metal ion-removing bacterial cells on the metal 
ion removal capacity of roots. 
OTC treated Untreated 
Roots With No With No 
inoculation inoculation inoculation inoculation 
Mass of metal ion 7.680 2.809 7.441 5.647 
removed (mg) 
Average RC (mg g-l#) 9.327 4.878 10.507 6.749 
Total bacterial cell 7.38x107 5.76x107 4.08 x108 5.22 x108 
no. (g-l*y 
Cell no. of Strain CU-1 7.38x107 1.80x106 4.08 x108 6.00x107 
(g-l *)b 
0/0 of Strain CU-1 In 100% 3.13% 100% 11.49% 
total population (b/a) 
# Dry weight 
* Wet weight 
Table 4.13 The number of cells of Strain CU-1 in the solution and on the root. 
OTC treated Untreated 
No. of bacterial cells With No With No 
(Total population) inoculationa inoculationb inoculationa inoculationb 




a Only Strain CU-1 was found 
b Mixed population 
5.76x107 4.08 x108 5.22x108 
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Table 4.14 Effect of cell number of inoculum of Strain W -2-2 on the colonizing 
efficiency 
No. of bacterial cells 109 107 105 103 
Culture solution 4.45x106 6.6x106 3.3x106 3.8x106 
(S, mL-1) 
Root 1.80x106 3.12x107 2.58x107 1.15x105 
(R, g-l*) 
RJS 0.40 4.73 7.75 3.03 
* Wet weight 
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Table 4.15 Colonizing efficiency and metal ion removal capacity of root by direct 
inoculation of metal ion-adsorbing bacterial cells into metal ion solution or pre-
inoculation to roots in Hoagland solution. 
Inoculation * 
Direct to Cu2+ 
solution 







prior to transfer to 2.5x106 
Cu2+ solution 
No. of bacterial cells 
Day 6 
Ws (mL-1y R (g-l) Ws (mL-l) 
ND 3.0x106 2.5x10s 
ND 8.1x106 1.5x10S 
7.8x104 5.7x104 
7.8x104 1.1x107 1.4x104 
*Total number of cells (Strain FC-2-2) of inoculum = 1.73 X 108 
# Number of bacterial cells per g of root. 
aNumber of bacterial cells per mL of culture solution. 









Table 4.16 Effect of inoculating Strain FC-2-2 into the rhizosphere on the metal 
ion removal capacity of roots. 
Sample No. of bacterial cells RC of 
Inoculum Day 3 Day 6 roots 
R (g-l)* Ws (mL-l)# R (g-l) Ws (mL-l) (mg g-l) 
Control a 0 NDa ND 2.40x105 ND 9.93 
Control b 0 ND ND ND 5.00x103 7.18 
Control c 0 ND ND 1.41x106 ND 11.45 
Control d 0 ND ND ND ND 11.41 
Control e 0 ND ND 1.74x106 ND 10.87 
FCa 1.90 x108 8.10x105 3.42x105 7.71x106 1.60x104 10.27 
FCb 1.90 x108 8.10x105 3.42x105 1.09x107 1.50x104 9.80 
FC c 1.90 xl 08 8.10x105 3.42x105 1.16x107 1.50x104 12.48 
FCd 1.90x108 8.10x105 3.42x105 1.31x107 3.50x104 8.94 
FC e 1.90 x108 8.10x105 3.42x105 1.01x107 2.55x104 8.45 
* Number of bacterial cells per gam of root. 
# Number of bacterial cells per mL of culture solution. 
a The bacterial cells (Strain FC-2-2) was not detected. 
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Sa Discussion 
5.1 Selection of optimum metal Ion concentration for water hyacinth and 
rhizospheric bacteria 
5.1.1 Metal ion resistance of water hyacinth 
To assess the growth of plant, the methods of measuring root regeneration 
rate or chlorophyll quantitatively is commonly used. As the toxicity of the metal 
ion to the water hyacinth is high that no observable growth in roots, the root 
regeneration method is not applicable. Moreover, the aim of this experiment is to 
select a range of metal ion concentration instead of a concrete one, in which the 
water hyacinth can survive and the bacteria can colonize on the root. We chose to 
use the visual assessment by percentage of chlorosis and necrosis as it is convenient, 
direct and can reflect the survival ability of the water hyacinth in metal ion culture 
solution. 
The toxicity of metal ions to water hyacinth was observed. The toxicity of 
metal ions to water hyacinth was in the descending order of Cu2+>N?+>Zn2+. 
Cu2+ and Zn2+ are generally accepted as essential plant nutrients which are required 
for normal plant growth, but Ni2+ is not (Marschner, 1995). However, there is 
evidence that Ni2+ should be added to the list of essential plant micronutrients (Boyd, 
1998). Metal ions are required in small quantity and become toxic at high 
concentration (toxicity threshold). The toxicity threshold for Cu2+ and Ni2+ are 
similar «6.25 mg L-1 of Cu2+ or Ni2+) but is much higher for Zn2+ (>50 mg L-1 of 
Zn2+). According to the study of Kay et al. (1984), Cu2+ is toxic to water hyacinth 
and the thresholds were 1.0-2.0 mg L-1 in the ambient water. Beyond the threshold 
concentrations, chlorosis, suppressed development of new roots, and greatly reduced 
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growth rate were observed. Zn2+ show a lower toxicity effect to water hyacinth and 
there was no toxic effect observed even at 50 mg L-1• However, according to 
Delgado et al. (1993), there was 30% weight reduction at the concentration of 9 mg 
L-1 of Zn2+. The deviation may due to precipitation of Zn2+ in the Hoagland solution, 
which reduced the toxicity of Zn2+ to water hyacinth. 
5.1.2 Effect of metal ion concentration on population of rhizospheric bacteria 
Fig. 4.4 shows the bacterial population of rhizosphere after suppression or 
destruction by metal ion toxicity at different concentrations. The ecology of 
bacteria in rhizosphere is a dynamic one that changes with the environment of the 
rhizosphere (Klein et al., 1990; Q'Connell, et al., 1996). As the metal ion 
concentration increased, the toxicity of metal ions has suppressed or killed the 
bacterial strains that are not metal ion resistant. Moreover, bacterial population in 
rhizosphere is make up of diverse of bacterial strains, and they have different metal 
ion resistance. As a result, as the metal ion concentration increased, the diversity 
(number of bacterial strains) decreased due to the domination of the metal ion-
resistant strains and rhizospheric competent strains. At 50 mg L-1 of Cu2+, the 
competence and metal ion resistance of dominated Strain CU-1 was higher than other 
strains. 
5.1.3 Selection for optimum concentration for bacteria and plant 
In the present study, two biological systems (water hyacinth and rhizospheric 
bacteria) were used, and an optimum concentration for these two systems was needed. 
According to the results in Sections 4.1.1 and 4.1.2, 25 mg L-1 of Cu2+ was 
appropriate. At 25 mg L-1 of Cu2+, less than 50% of the leaves were chlorotic and 
the bacterial popUlation was partially suppressed. As one should ensure the roots of 
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water hyacinth can support the colonization of inoculum, and the interaction of 
rhizospheric bacteria and the root should be maintained. A high concentration is 
avoided, as plant death and mono species of rhizospheric bacteria will be resulted. 
Too low concentration is not recommended, as the ecology with high diversity of 
rhizospheric bacteria will be very complicated. 
5.2 Screening for high metal ion-resistant and -removal bacterial strains 
5.2.1 Enrichment of the metal ion-resistant bacteria in the rhizosphere 
The rhizospheric bacteria were enriched and isolated by culturing water 
hyacinth in 25 mg L-1 of metal ion solution for 6 d. The isolated bacterial strains 
were metal ion resistant that could associate with the roots at 25 mg L-1 of metal ions 
solution. The numbers of Cu2+, Ni2+ and Zn2+ -resistant strains obtained were 2, 8 
and 11 respectively. It implies that the toxicity of metal ions to the rhizospheric 
bacteria was in descending order of Cu2+> Ne+ > Zn2+. This is consistent with the 
study of Hassen et al. (1998) about the resistance of environmental bacteria to metal 
ions that Cu2+ showed higher toxicity to bacteria than Zn2+, though it did not consider 
the toxicity ofNi2+. 
As the bacterial strains resistant to Cu2+ were less and the colonies were small 
that may not favor for metal ion absorption. Five more Cu2+ -resistant bacterial 
strains were isolated by further increased the Cu2+ concentration in solution to 50, 75 
and 100 mg L-1• The increase in Cu2+ concentration altered the bacterial population. 
It allowed the increase in number of metal ion-resistant strains that was not dominant 
in the presence of25 mg L-1 ofCu2+. 
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5.2.2 Selection of metal ion-resistant bacterial strain from the natural popUlation in 
the rhizosphere 
The enrichment of metal ion-resistant strains in the rhizosphere may hinder 
the bacterial strains that are resistant to metal ion but less competent in the 
rhizosphere. The natural popUlation of rhizospheric bacteria was isolated for the 
selection of metal ion-resistant strains. During the first streaking of the bacterial 
strains on agar plates with 25 mg L-1 of metal ion, most of the bacteria grew poorly. 
Thus the bacterial strains were streaked on the agar plates with 25 mg L-1 of metal 
ion twice. After adaptation on the agar plates with metal ion, the growth of the 
bacterial strains improved. There was no Cu2+ -resistant strain isolated, but 6 Ni2+-
resistant strains and 12 Zn2+ -resistant strains were isolated. Generally the number 
of strains isolated was similar to the results in Section 4.2.1 except there was no 
Cu2+ -resistant strain was isolated. The Cu2+ -resistant strain isolated at Section 4.2.1 
could not be isolated in the natural popUlation. It might due to the metal ion-
resistance of the bacteria need time for adaptation or induction, or the population of 
Cu2+ -resistant bacteria was small or weak in competence in the natural population 
(Hassen et al., 1998). 
5.2.3 Metal ion removal capacity of metal ion-resistant bacterial strains 
Isolation of the metal ion-resistant bacteria is used as screening for the metal 
ion-removing bacteria from rhizospheric bacteria. Generally, metal ion resistance 
of bacteria is related to their metal ion removal capacity, but it is not a must (Wood 
and Wang, 1983; Hassen et al., 1998). There are different mechanisms for 
detoxification of metal ions by bacteria, such as intracellular traps, efflux mechanism, 
surface binding and precipitation at the cell surfaces (Wood and Wang, 1983, Gadd, 
1990; Volesky, 1990). The metal ion removal capacity for the bacterial strains 
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isolated from the enrichment with metal ion solution was higher than that of bacterial 
strain isolated from the natural popUlation (Tables 4.8 and 4.9). Strain R-2-4 had 
the highest biomass (0.078 g, DW) among the Ni2+ -resistant strains but there was no 
detectable amount of metal ion. However, the biomass of Strain Ni-1 (0.045 g, DW) 
was half of that of Strain R-2-4 but it had the highest Nj2+ removal capacity (4.03 mg 
-1) g . Similar case was found for Zn2+ -resistant strains. It may be due to the different 
detoxification systems among different bacterial strains. It may also be affected by 
the acclimation period of the bacteria to the metal ion solution. The enrichment for 
metal ion-resistant strain was held for 6 days that the bacteria might already adapt to 
the environment physiologically or even genetically. The metal ion-resistant strain 
was isolated by streaking the natural bacterial population on agar plate with 25 mg L-
1 of metal ion. The metal ion toxicity in agar plate to bacterial strain was less than 
that in liquid medium as some metal ions were bound or chelated to organic 
components in the solid medium (Hassen et al., 1998). The Cu2+ -resistance of 
isolated bacterial strains was probably lower than 25 mg L-1• Thus the metal ion-
resistant strain isolated from the natural population had lower metal ion resistance. 
The metal ion removal capacity of the bacteria was generally low and at the 
descending order of Cu2+>Nj2+>Zn2+ (Tables 4.7, 4.8 and 4.9). The variation in 
metal ion removal capacity was large for Cu2+ and Ni2+ -resistant strain, but small for 
Zn2+ -resistant strain. This may be due to the fact that Zn2+ was essential for the 
bacteria and was required at higher amount than Cu2+ and Ni2+ (Wood and Wang, 
1983; Hassen et al., 1998). 
Since the metal ion removal capacity of Cu2+ -resistant strains (e.g. Strain FC-
2-2, 10.59 mg g-l) was high, the Cu2+ -resistant strains were selected for further study. 
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The strains selected included Strain CU-1, Strain W-2-2 and Strain FC-2-2. Strain 
CU-1 and Strain W -2-2 were dominated in the rhizosphere in the presence of 25 mg 
L-1 ofCu2+ while Strain FC-2-2 had the highest Cu2+ removal capacity (10.59 mg g-l) 
with 0.11 g dry biomass but was not dominated in the presence of 25 mg L-1 of Cu2+. 
The Cu2+, Ni2+ and Zn2+ removal capacities of Cu2+ -resistant strains were 
determined (Tables 4.10 and 4.11). The growth of Cu2+ -resistant strains in Cu2+, 
Ni2+ and Zn2+ were similar, except that Strain FC-2-2 and Strain B-2-2 grew very 
poorly in Ni2+ solution (Table 4.11). Therefore the metal ion did not affect the 
growth of the Cu2+ -resistant strains except that the Ni2+ -resistance of Strain FC-2-2 
and Strain B-2-2 were low. However the Cu2+ -resistant strains showed much higher 
Cu2+ removal capacities than those for Ne+ and Zn2+. 
5.3 Effect of inoculating Cu2+ -resistant bacterial strain in the rhizosphere on the 
metal ion removal capacity of the root 
5.3.1 Bactericidal efficiency of oxytetracycline 
To study whether the microbes play a role in the uptake of metal ion (Cu2+) by 
plant roots, the rhizospheric bacteria were inhibited by adding an oxytetracycline 
(OTC) into the culture of water hyacinth. The isolated rhizospheric bacteria were 
inoculated into the plant to colonize on the root and for metal ion uptake. OTC was 
used as it inhibits both Gram-positive and Gram-negative bacteria and it is available 
commercially. 
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5.3.2 Effect of inoculating Cu2+ -adsorbing bacteria cells into the rhizosphere 
Strain CU-1 was chosen for the screening test on the potential of colonization 
and the effect on the Cu2+ removal capacity of plant roots, since it was a competent 
bacterial strain in the presence of 25 and 50 mg L-1 of Cu2+ in the culture solution 
(Section 4.2.1). OTC suppressed the population an order of magnitude and the Cu2+ 
removal capacity of OTC treated-plant was 1.91 time lower than that of control. 
The OTC may affect the binding sites of the roots, as the colonization capacity for 
incoculated bacteria or for natural population on OTC treated root was lower than 
that without OTC treatment. The bacterial cell number was not the limiting factor, 
as the bacterial inoculation was in excess. Hence, the colonization efficiency may 
be affected by altering the nature of adhering surface by OTC treatment. Moreover, 
although there was one order of magnitude difference in cell number, the Cu2+ 
removal capacities of root with or without inoculation were similar. Thus the Cu2+ 
uptake by plant roots may be affected by the OTe treatment due to the changes in 
binding sites or alteration of physiology of water hyacinth. 
The inoculation of Strain eU-1 into control (i.e. no OTe treatment) increased 
the Cu2+ removal capacity of roots. The increase was more conspicuous when the 
water hyacinth was OTC treated, which was more than two folds in terms of the eu2+ 
removal capacity of the plant roots. This may be due to the binding of metal ion-
adsorbing bacteria on the root surface. Less conspicuous result for the untreated 
plant is probably due to the presence of native bacterial population that was not 
suppressed by OTC. 
As the bacteria were inoculated into the culture solution directly, it resulted in 
high number of cells suspending in the culture solution (Table 4.13). Two methods 
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were used to control the number of cells suspended in the culture solution: 1) 
adjusting the cell number of inoculum and 2) precolonizing the bacteria on root 
before it is used for metal ion removal. 
5.3.3 Effect of bacteria density of inoculum on colonizing efficiency 
Strain W -2-2 was used instead as it had a higher Cu2+ resistance and it was 
isolated with the enrichment with 100 mg L-1 of Cu2+. Furthermore, Strain CU-1 
was dominated in the rhizosphere in the presence of 25 mg L-1 of Cu2+. Thus the 
difference in cell number of Strain CU-1 on the roots with or without inoculation was 
not large. Thus using the bacteria strain that had higher metal resistant and was not 
dominated at 25 mg L-1 may be an advantage. 
When adjusting the cell number of the inoculum to 109, 107, 105 and 103 cells 
mL-1, the colonizing efficiency of the bacteria increased with the decrease in cell 
number (109 to 105 cells mL-1), but decreased when the cell number was 103 cells mL-
As the adhering surface of the root was limited, the maximum number of cells 
adhered was 108 g-l. When excess cells were inoculated, most of the cells could not 
adhere on the root surface and were suspended in the solution. Hence, if the 
bacterial strain was inoculated at the optimum cell number, the colonization 
efficiency could be maximized. However, since the bacterial cells inoculated were 
freely suspended in the culture solution. The successful rate of colonization of the 
bacteria on the root surface decreased as the cell number of inoculum decreased. 
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5.3.4 Comparison of colonizing efficiency and metal ion removal capacity of roots 
by direct inoculation metal ion-adsorbing bacterial cells into metal ion 
solution or pre-inoculation in Hoagland solution. 
The inoculation of Strain W -2-2 had no effect on the Cu2+ removal capacity 
of the root. This may be due to the removal capacity of Strain W-2-2 was low (1.26 
mg g-l). Strain FC-2-2 that had the highest Cu2+ removal capacity (10.59 mg g-l) 
among the isolated Cu2+ -resistant strains was selected for further study. 
The roots were colonized with Strain FC-2-2 in Hoagland solution before the 
plant was transferred to the Cu2+ solution. The results showed that the colonization 
efficiency was higher for the plants that were precolonized with Strain FC-2-2 (Table 
4.15). The number of bacterial cells on the roots was higher and the number of 
cells in the solution was lower than that with direct inoculation. The lower 
colonization efficiency is probably due to the fact that the bacteria were under stress 
in the presence of 25 mg L-1 of Cu2+. The root surface was less favorable for 
colonization due to the toxicity of concentrated Cu2+ on root surface, or there was 
competition for binding site between Cu2+ and bacteria cells. However, the Cu2+ 
removal capacity of the roots with direct inoculation was higher than those with pre-
colonization. This was because that during the colonization of the root by the Strain 
FC-2-2 in the presence of Cu2+, the freely suspended bacteria had absorbed the Cu2+ 
before adhering onto the root surface. When compared with the pre-colonized one, 
the adsorption surface for the bacteria would be less. Moreover, the adsorption of 
bacteria on the roots might also have a shielding effect on the Cu2+ uptake by the 
roots. Pre-colonization was recommended. 
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5.3.5 Effect of inoculating Strain FC-2-2 into the rhizosphere on the removal 
capacity of roots 
When compared the water hyacinth pre-colonized with Strain FC-2-2 and the 
one without inoculation (control), the correlation of the number of cells on the root 
and the removal capacity of the root was not obtained. This suggests a major role 
of the roots in Cu2+ uptake. Even adhering the Cu2+ -removing bacteria on the root 
surface, could not increase the metal removal capacity as there is shielding effect to 
the uptake of Cu2+ by the root. The bacterial cells and Cu2+ might compete for same 
binding sites or the adhering bacteria on the roots decreased the exposing surfaces for 
bacteria and Cu2+ in the solution. This is probably due to the presence of the natural 
bacterial population in the rhizosphere like that of the control plant, and hence no 
significant difference could be observed. 
A similar study using rhizospheric bacteria to enhance the accumulation of 
selenium (Se2+) and mercury (Hg2+) in wetland plants was reported (Souza et al., 
1999). The study found the plant treated with antibiotic accumulated 40% less Se2+ 
and 70% less Hg2+. Similar phenomena are found in the present study, showing that 
plants treated with antibiotic accumulated less metal ions. Plants inoculated with 
rhizospheric bacteria accumulated 70-80% more Se2+ in roots than those grown under 
the axenic condition. So if the axenic water hyacinth can be prepared, the effect of 
inoculum may be found. However, it also might be due to a difference in metal ion 
accumulation mechanism. Se2+ accumulation was enhanced by plant-bacteria 
interaction by producing amino acid (Souza et al., 2000), transforming Se2+ to 
organic-Se that could be taken up by the roots more easily, or stimulating sulfate 
transport which also transported selenate (Souza et al., 1999). The uptake 
mechanism of Cu2+ by water hyacinth is not well known, but it was absorbed as ionic 
78 
form. The mechanism involved carrIer, which coupled with Ion transport, and 
involved the electrochemical potential gradient (Graham, 1981). The Cu2+ taken up 
was not localized at the root surface of water hyacinth and increased towards the root 
centre (Vesk et al., 1999). It was found mainly as electron-dense granules within 
cells of the stele cell walls and epidermal cell granules. This demonstrated that 
metal ion uptake was important and surface adsorption and binding was not solely 
responsible for the high metal ion concentrations in the roots. 
5.4 Limitation and future development 
Although there is no direct evidence to prove that the rhizospheric bacteria 
play an important role in metal ion accumulation in the root of water hyacinth, but it 
cannot be excluded. There are lack of conclusive result as the combining two living 
systems is complicated that it involved different interactions between two systems 
and it is difficult to take a balance point between two systems. Moreover, we 
worked in a "black box" system without knowing actually interaction of the two 
systems. 
Our goal is to find a bacterial species that has good metal ions removal 
capacity and high colonization ability to water hyacinth. In the experiment, we 
failed to find a bacterium with a high metal ion removal capacity. As, the sorption 
of metal ions by the root is high and the effect of presence of other bacterial 
population should be included. Addition to the effect of variation in plant stock, 
even there are bacteria colonization, the result is not significant and varied. 
Therefore the method is not sensitive enough in detecting the change. We can 
improve it by using axenic plant by tissue culture that can produce more uniform 
plant stock and axenic condition without the use of antibiotic. However, it can 
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apply only in scientific research but not in application for wastewater treatment as 
the microbial make-up is complicate in natural environment. 
To look into the "black box", further understanding of the mechanism of the 
metal ion uptake by water hyacinth, and the interrelationship of the rhizospheric 
bacteria and the metal ion uptake of the plants is needed. As metal ion uptake by 
plants have involved different mechanisms with different metal ions, included energy 
dependent/independent, active/passive, which can be used to deduce the contribution 
of bacteria on metal ions uptake of the plant. The metal ion removal capacity of the 
plant may be enhanced by the adhesion of high metal ion uptake bacteria, stimulated 
excretion of metal ion binding siderophores or other excretion by associated bacteria, 
and/or assisted in metal ion transportation by changing the form of metal ions. 
Nowadays, a natural system is needed to provide a simple, low cost and high 
efficiency system for wastewater treatment and metal ions recycle to conserve the 
water resources and natural resource. Further development of combining the 




The water hyacinth was well documented as a good accumulator of metal 
Ions. However the CU2+, Ni2+ or Zn2 resistance of water hyacinth was not high as 
the toxic effect to the plant was observed in the presence of 6.25 nlg L- 1 of lnetal ions 
solution. The bacterial population was diverse in the rhizosphere and it could be 
altered or suppressed by the toxicity effect of metal ion or treatment with the 
antibiotic, OTC. 
In the natural bacterial population of the rhizosphere of the water hyacinth, 
metal ion-resistant bacteria were isolated but their metal ion removal capacities were 
not high. The Cu2+ -resistant bacterium, Strain FC-2-2, had the highest Cu2+ removal 
capacity of 10.59 mg g-I . 
The bacteria isolated from the rhizosphere could colonize the root surface by 
inoculation. When using OTC, to suppress the natural bacterial population of the 
rhizosphere, inoculation of metal ion-adsorbing bacteria could colonize the root 
surface and increase the metal ion accumulation in the roots. However, the results 
in the present study could not eliminate the toxic effect of OTC on the plant, which 
was observed at 500 mg L- 1 of OTC. When inoculating bacteria into the natural 
popUlation, the effect of the inoculation could be observed but the enhancement 
effect on the metal ion removal capacity of the root could not be concluded. This 
may be due to the presence of natural bacterial popUlation, which may also be 
involved in metal ion uptake. 
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In this study, we have a new trail on finding a metal ion-removing bacterium 
to adhere on the root of water hyacinth in order to enhance its metal ion removal 
efficiency. The results cannot show that there was direct relationship but it 
suggested that to study the feasibility of the approach, a more sensitive method 
should be used. For instance using axenic plant, and/or, using a bacterium with 
comparable high metal ion removal capacity to colonize the root of the water 
hyacinth. As the metal ion uptake of the water hyacinth root is high already. 
Moreover, the bacteria with high metal ion removing capacity could not be found in 
the root of water hyacinth, in the further study, thus other known bacteria with high 
metal ion removal capacity should be used instead. In addition, one can use another 
approach such as utilizing the inter-relationship of bacteria and plant on producing 
metal ion chelating material(s). Understanding of the mechanism of metal ion 
uptake by the root of water hyacinth, the interrelationship of the rhizospheric bacteria 
and the metal ion uptake of the plant will foster systematic improvements In 
rhizofiltration for phytoremediation of metal ions in aquatic environments. 
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